We study the cross-correlation between galaxies of different luminosities and colors, using a sample of 284489 galaxies selected from the Sloan Digital Sky Survey, Data Release 4. Galaxies are divided into 6 samples according to luminosity, and each of these samples is further divided into red and blue subsamples according to their (g − r) colors. Projected auto-correlation is estimated for each subsample, and projected cross-correlation is estimated for each pair of subsamples. At projected separations r p 1 h −1 Mpc, all correlation functions are roughly parallel, although the correlation amplitude depends systematically on both luminosity and color. On r p 1 h −1 Mpc, the auto-and cross-correlation functions of red galaxies are significantly enhanced relative to the corresponding power laws obtained on larger scales. Such enhancement is absent for blue galaxies and in the crosscorrelation between red and blue galaxies. We estimate the relative bias factor on scales r 1 h −1 Mpc for each subsample using its auto-correlation function as well as its cross-correlation functions with other subsamples. The relative bias factors obtained from different methods are similar. For blue galaxies the luminosity-dependence of the relative bias is strong over the entire luminosity range probed (−23.0 < M r ≤ −18.0), while for red galaxies the dependence is weaker and becomes insignificant for luminosities below L * . In order to examine whether a significant stochastic/nonlinear component exists in the bias relation, we study the ratio R ij ≡ W ii W jj /W 2 ij , where W ij is the projected correlation between subsample 'i' and 'j'. We find that the values of R ij are all consistent with 1 for all-all, redred and blue-blue samples, however significantly larger than 1 for red-blue samples. For faint redfaint blue samples the values of R ij are as high as ∼ 3 on small scales (r p 1 h −1 Mpc) and decrease with increasing r p . These results suggest that a significant stochastic/nonlinear component exists in the relationship between red and blue galaxies, particularly on small scales.
INTRODUCTION
In the current scenario of structure formation, galaxies are assumed to form in the cosmic density field through a series of physical processes, such as non-linear gravitational collapse, gas cooling and star formation. In this scenario the distribution of galaxies in space is expected to trace the underlying density field to some degree, but the relationship is not expected to be perfect, because many of the processes involved in galaxy formation can complicate the relationship between galaxies and the dark matter density field. Thus, the study of galaxy clustering in space is an important step both in understanding the mass distribution in the universe, and in understanding how galaxies form in the cosmic density field. The statistical tool commonly adopted to quantify galaxy clustering in space is the correlation functions of galaxies (Peebles 1980) . During the last two decades, many authors have estimated the two-point correlation functions of galaxies using various redshift catalogs, to study how galaxy clustering depends on the properties of galaxies, such as luminosity (e.g. Börner, Mo & Zhou 1989; Park et al. 1994; Loveday et al. 1995; Guzzo et al. 1997; Benoist et al. 1996; Norberg et al. 2001; Zehavi et al. 2002; Zehavi et al. 2005; Li et al. 2006) , color (e.g. Willmer et al. 1998; Brown et al. 2000; Zehavi et al. 2002; Zehavi et al. 2005; Li et al. 2006) , spectral type (Norberg et al. 2002; Budavari et al. 2003; Madgwick et al. 2003) , morphological type (e.g. Jing, Mo & Börner 1991; Guzzo et al. 1997; Willmer et al. 1998; Zehavi et al. 2002; Goto et al. 2003) , stellar mass, stellar surface mass density and concentration (Li et al. 2006) . All these analyses show that galaxies of different properties may have different distributions in space, indicating that galaxies are biased tracers of the underlying density field and that one has to be careful when using the observed galaxy distribution to infer the mass distribution in the universe.
The observed correlation functions of galaxies can provide important constraint on the relationship between galaxies and dark matter halos, as is demonstrated clearly in the recent halo-occupation and conditionalluminosity-function models (Jing, Mo & Börner 1998; Seljak 2000; Peacock & Smith 2000; Berlind & Weinberg 2002; Cooray & Sheth 2002; . With accurate measurements of the clustering properties for galaxies of different properties, it is now possible to study in great detail how different galaxies occupy different halos and how galaxies trace the cosmic density field.
The correlation analyses carried out so far are mostly based on the auto-correlation function of galaxies. Although such analyses can provide important information about how a population of galaxies is distributed in space, they do not tell us anything about the relationship between galaxies of different properties. For example, two populations of galaxies may each be strongly clustered in space and yet be spatially segregated so that the cross-correlation between them is weak. In reality, all populations of galaxies may be biased tracers of the underlying mass distribution, and so they must all be positively correlated in space. However, the amplitude of the cross-correlation between any two populations of galaxies depends not only on the bias factors of these two populations, but also on how well each of them trace the mass density field, i.e. on the stochasticity in the bias relation. Thus, it is important to measure the crosscorrelation functions between galaxies of different properties, so as to quantify the relationships between the spatial distributions of different galaxies.
In this paper, we use galaxy samples constructed from the Sloan Digital Sky Survey Data Release 4 (SDSS-DR4) to measure both the auto-correlation functions for galaxies of different luminosities and colors and the crosscorrelation functions between different galaxies. We compare the shapes of the various correlation functions to check the validity of the assumption of linear bias. For each population of galaxies (i.e. for galaxies within given ranges of luminosity and color), we estimate its relative bias factors using its auto-correlation function as well all its cross-correlation functions with other populations of galaxies. These bias factors are averaged to give a mean bias factor for each population, and compared among themselves to constrain possible stochastic/nonlinear component in the bias relation (Mo & White 1996; Dekel & Lahav 1999 ). This paper is organized as follows. In section 2, we describe the galaxy samples to be used and how random samples are constructed. In section 3, we describe our method for estimating the correlation functions. Our results about the luminosity-and color-dependence of the correlation functions are presented in Sections 4 and 5, respectively. In Section 6 we discuss the implications of our results for the possible existence of stochastic/non-linear bias in galaxy distribution. Finally, we summarize our findings in Section 7.
Throughout this paper, galaxy distances are obtained from redshifts assuming a cosmology with Ω m,0 = 0.3, Ω Λ,0 = 0.7. Distances are quoted in units of h −1 Mpc, and absolute magnitudes are quoted in terms of M + 5 log h, i.e. with h set to be 1, where h = H 0 /(100kms −1 Mpc −1 ).
2. THE DATA 2.1. The SDSS Data Release 4 In this paper we use galaxy samples constructed from the New York University Value-Added Galaxy Catalog (NYU-VAGC, see Blanton et al. 2005) . The version of the NYU-VAGC used here is based on the SDSS Data Release 4 (Adelman- McCarthy et al. 2006 ) which consists of three regions: two in the Northern Galactic Cap (NGC) and one in the Southern Galactic Cap (SGC). We refer the two NGC regions separately as NGCE (which is along the celestial equator) and NGCO (which is off the equator). The SGC contains three stripes: one along the celestial equator, one to the north and one to the south. In this paper, we measure the correlation functions separately for NGCE, NGCO and SGC, and obtain the mean and variance from these samples. Our main sample contains 284489 galaxies with extinction-corrected Petrosian magnitudes in the range 14.5 < r < 17.6, redshifts in the range 0.01 < z < 0.3 and absolute magnitudes in the range −23.0 < M r,0.1 < −18.0. The r-band absolute magnitudes are corrected to redshift z = 0.1 using the K-correction code of Blanton et al.(2003a) and the luminosity-evolution model (E-correction) of Blanton et al.(2003b) , given by M r,0.1 = M r,z + 1.62(z − 0.1) .
(
In what follows, all absolute magnitudes and luminosities are quoted with such K-and E-corrections. In the apparent-magnitude limits adopted here, 14.5 < r < 17.6, the bright end is chosen to avoid incompleteness due to the large angular sizes of galaxies, while the faint end is chosen to match the magnitude limit of the SDSS main galaxy sample. In our analysis, we will also use another apparent-magnitude criterion, 13.0 < r < 17.6 to construct a supplemental sample. This sample has in total 287728 galaxies, about 3239 more than the main sample described above. Most of these additional galaxies are intrinsically bright galaxies with low redshifts, and the use of these galaxies can significantly improve the signal of the cross-correlation function between the brightest and faintest samples by increasing their overlapping volume between them. As we will see below, since we can normalize the cross-correlation function with the random sample constructed according to the faint sample that is complete, and since the incompleteness introduced by including the brightest galaxies is not expected to be correlated with the real structure, the incompleteness should not introduce significant bias in our results. From our main sample, we first construct 6 volumelimited samples (Samples V1 -V6) in six bins of absolute-magnitude (M r,0.1 ): V1 (-23.0,-21.5], V2 (-21.5,-21 .0], V3 (-21.0,-20.5 ], V4 (-20.5,-20 .0], V5 (-20.0,-19 .0], V6 (-19.0,-18 .0], with detailed selection criteria given in Table 1 . Obviously, the redshift overlap between the brightest and faintest samples is small (and sometimes none). In order to enlarge the redshift overlap, which is necessary in order to measure the cross correlations reliably, we also construct 6 volume-limited samples, Va -Vf, from our supplemental sample. In the upper panels of Fig. 1 we show the magnitude-redshift distributions of 10% of all these volume-limited samples: V1-V6 (upper left panel) and Va -Vf (upper right panel) .
In addition to the volume-limited samples described above, we also construct 6 flux-limited samples, F1 -F6. As for samples V1 -V6, these are defined by the apparent magnitude limits 14.5 < r < 17.6 and by a bin in absolute magnitude. However, no limits are imposed on the redshifts, as illustrated in the lower-left panel of Fig. 1 . The details of these samples are given in Table 2 , where the last column indicates the minimum and maximum redshifts of the galaxies in each sample (which simply arise because of the apparent magnitude limits). The advantage of using flux-limited samples is that we have more galaxies in each sample, but the drawback is that the samples are not homogeneous in the radial direction, and so the two samples to be cross-correlated do not occupy exactly the same volume. As we will show . The lower right panel shows the color-magnitude distribution of 10% of the main sample galaxies. The solid line g − r = 0.7 − 0.032(M r,0.1 + 16.5) separates the galaxies into red and blue populations. See Tables  1 and 2 for more infomation. -Column 1 indicates the sample ID. Column 2 gives the absolute-magnitude range covered by each sample. Columns 3, 4 and 5 list the galaxy number in each sample in the three regions (NGCE, NGCO, SGC) of the SDSS. Column 6 lists the redshift range of each sample. Each sample is a volume-limited in the redshift range it covers. Samples V1 -V6 are for galaxies with r-band apparent magnitudes in the range from 14.5 to 17.6. Samples Va -Vf are constructed from all galaxies with r-band apparent magnitudes in the range from 13.0 to 17.6. The reason for using these two sets of volume-limited samples is given in the main text. Table 1 but for flux-limited samples. Here again galaxies with r-band apparent magnitudes in the range from 14.5 to 17.6 are selected. Numbers are listed separately for all, red and blue galaxies. F * is a sample of galaxies with luminosities within a 0.5 magnitude bin around L * . Here we compare the results obtained by using two different random samples, R1 and R2 (see the main text for how R1 and R2 are constructed). The error-bars in this plot represent the 1-σ scatter among the three SDSS regions. For clarity, we only plot error-bars for the auto-correlation functions but note that the error-bars for the cross-correlation functions have similar sizes. The results for the cross-correlation functions are shifted downward by 0.5 and 1 dex for the cases Fi -F(i+1) and Fi-F(i+2) (i=1,2,3,4,5), respectively. Note that in most of the cases, these two types of random samples yield very similar results. However, discrepancy exists in a few cases, especially for the auto-correlation function of F5. As discussed in the main text, this discrepancy is likely caused by the supercluter at redshift z ∼ 0.08. below, the results based on the flux-limited samples are very similar to those based on the volume-limited samples. Because of this, we will focus on the flux samples to take advantage of the larger sample sizes. For each of the flux-limited sample, we further divide galaxies into two color subsamples according to their g − r colors. The dividing line is given by
where g and r are the g-band and r-band magnitudes that are K-corrected (Blanton et al. 2003a ) and Ecorrected (Blanton et al. 2003b ) to redshift z = 0.1. Galaxies with g − r color above (below) this line are called red (blue) galaxies, and the corresponding samples are denoted by F1 red -F6 red (red subsamples) and F1 blue -F6 blue (blue subsamples). The selection criteria for these subsample are listed in Table 2 . In the lower right panel of Fig. 1 we show the color-magnitude relation for a random set of 10% of all galaxies in our main sample, with the solid line indicating the color separation given by Eq. (2). Note that this color separation is very similar to what has been used in previous studies (e.g. Blanton et al. 2003c; Baldry et al. 2004; Bell et al. 2004; Hogg et al. 2004; Weinmann et al. 2006) . As comparison, we also construct a reference sample, F*, which includes all galaxies within a 0.5-magnitude bin around L * . The selection criteria for this sample are listed in the last line of Table 2 .
The random samples
In order to measure the two-point correlation functions, one needs to construct random samples to normalize the galaxy-pair counts. Since we will study the clustering properties separately for all, red and blue galaxies, we need to generate random samples separately for each of them. In general, if we know the luminosity function of galaxies, we can first construct a random sample with the luminosity function and then apply the observational magnitude limits. Unfortunately, we do not have the luminosity functions for the red and blue galaxies defined according to the color criterion described above. Because of this, here we adopt a method proposed in Li et al. (2006) , where a random sample is generated by assigning each galaxy in the real sample a random position in the sky while keeping all other properties (i.e., redshift, color, magnitude, etc.) unchanged. In what follows we refer to the random samples thus constructed as random samples of type R1. Note that these random samples have, by construction, exactly the same redshift distribution, n(z), as the original sample. Consequently, it is not exactly 'random' in that it can still reveal structures in n(z). Therefore, this method is only expected to work weel for wide-angle surveys in which the sky coverage is much larger than the large-scale structure in question. In addition, it requires that the variation in survey depth be small across the sky coverage (Li et al. 2006) .
Although Li et al. (2006) found that two-point correlation functions based on the random samples described above match well those obtained using random samples based on the luminosity function, we need to test whether or not the use of different random samples can have significant impact on our results for the smaller subsamples used here. To do this, we generate another set of random Note that since the overlap region is too small, we do not have measurement of 1-6, 2-6, 3-6 and 4-6 data points for volume-limited samples and 1-6 for flux-limited samples. Overall, the results for volume-limited and flux-limited samples agree well. Large discrepancy exists for W 5,5 , likely due to the existence of the supercluster at redshift z ∼ 0.08. samples for all galaxies according to the luminosity function obtained by Blanton et al. (2003b) . Here a large set of points are randomly distributed within the survey sky coverage and each point is assigned a redshift and a magnitude according to the luminosity function. This set of random samples will be referred to as type R2.
For both sets of random samples, the mangle software provided by A. Hamilton (Hamilton & Tegmark 2004 ) is used to locate the polygon ID for each random galaxy and to determine the completeness and magnitude limit (which changes slightly across the sky coverage) for this polygon using the mask provided by Blanton et al. (2005) . The completeness and magnitude limit so obtained are then included in the random samples. In calculating the two-point correlation functions for all galaxies we use random samples that are 10 time bigger than the observational data. While for red or blue galaxies we use random samples that are 15 times bigger than the observational data.
3. METHOD TO ESTIMATE THE TWO-POINT CORRELATION FUNCTION We estimate both the 2-point auto-and crosscorrelation functions (hereafter 2PCFs) using the defi- 4.65 ± 0.38 4.08 ± 0.20 Note. -The upper part lists the best fit values of r 0 and α for different volume-limited samples, using data points on large scales, 0.98 h −1 Mpc ≤ rp ≤ 9.6 h −1 Mpc. The table is not filled up because the overlaps in volume between the faintest and bright samples are too small to allow reliable estimates of the cross correlation functions. The lower part of the table shows the correlation length obtained by setting the slope of the correlation functions, α, to be α = 1.82, the average of the values listed in the upper part. nition proposed in Davis & Peebles (1983) ,
where i, j denote the pair of samples for which the cross correlation function is estimated; i = j corresponds to auto-correlation function. As a convention, sample i always represents the brighter sample if i = j. In the above definition, D i D j is the count of galaxy pairs between samples i and j, D i R j is the count of galaxy-random pairs between galaxy sample i and random sample j, and r p and r π are the separations of galaxy pairs perpendicular and parallel to the line of sight, respectively. Galaxygalaxy and galaxy-random pairs are counted in logarithmic bins in r p , with bin width ∆ log 10 (r p ) = 0.2, and in linear bins of r π , with bin width ∆r π = 1 h −1 Mpc. Since we have galaxy samples in three different regions (NGCE, NGCO and SGC), we combine the number counts of all regions when estimating the mean correlation function. The scatter among the three regions are used to indicate the uncertainties (error-bars) in the measurements.
As mentioned in Section 2.1, the redshift overlap between some of the volume-limited samples is very small, especially between the bright and faint samples. In fact, samples V1 and V5 as well as V1 and V6 have no overlapvolume at all (cf. Fig.1 ). In those cases we have to use samples Va -Vf (which may be incomplete) to get better statistics. According to Eq. (3), one may circumvent the problems to some extent using combinations of complete and incomplete samples. For example, one can choose the i sample from Va -Vf, and the j sample and the corresponding random sample from V1 -V6. Since V1 -V6 are complete, this reduces the the effects due to the incompleteness in samples Va -Vf.
In our following discussion, we will focus on the projected 2PCF, which is defined as
Here the summation is made over k = 1 to 40 corresponding to r π = 0.5 h −1 Mpc to r π = 39.5 h −1 Mpc. If we assume that the real-space 2PCF ξ(r) can be fitted by a power law,
where r 0 and α are, respectively, the correlation length and slope of the correlation function, then the projected 2PCF is related to the real-space 2PCF as
where Γ(x) is the Gamma function. As we will see below, the observed 2PCFs can all be fitted reasonably well by power laws over limited ranges of r p . We can then use r 0 to represent the correlation amplitude, and α the shape of the correlation function.
4. DEPENDENCE ON GALAXY LUMINOSITY We start our investigation by comparing the projected 2PCFs obtained using the volume-limited and flux-limited samples. When calculating the projected 2PCFs with the volume-limited samples, we use combinations of the set V1-V6 with the set Va-Vf for the reasons given in Section 3. Since the results are very similar for the volume-limited and the flux-limited samples, we show only the results for the flux-limited samples in Fig. 2 , where we compare the projected 2PCFs based on random samples of type R1 with those based on random samples of type R2. As found by Li et al. (2006) , the two types of random samples give almost identical results in most cases. The largest discrepancy is seen in the auto 2PCF of sample F5, This sample is significantly affected by the supercluter at redshift z ∼ 0.08, and the points in sample R1 is not completely random due to the way it is constructed. Since overall the random samples of type R1 work quite well and since their construction does not require the luminosity function of galaxies, the results presented below will be based on this type of random samples. A comparison of the various projected 2PCFs in Fig. 2 shows that brighter galaxies are on average more strongly clustered, an effect that we will describe in more detail in the following.
To quantify the observed 2PCFs, we fit to the projected 2PCFs according to Eq. (6) with the two free parameters r 0 and α. A larger value of r 0 implies a stronger clustering strength, while a larger α implies a steeper correlation function. In order to see how r 0 and α might change with scales, we fit the projected 2PCFs separately over two scale ranges, 0.98 h −1 Mpc ≤ r p ≤ 9.6 h −1 Mpc and 0.16 h −1 Mpc ≤ r p ≤ 0.98 h −1 Mpc. The separation between large and small scales is made at r p ∼ 1h −1 Mpc, because the correlation function on smaller scales is expected to be dominated by the one-halo term, while that on larger scales by the two-halo term, as shown in Yang et al. (2005) . We use two methods to obtain r 0 and α from the data. In the first method, we obtain r 0 and α directly from the fit to the projected 2PCFs. In the second one, we first obtain an average value of α, α, from all the correlation functions and then fit the projected 2PCF to get r 0 keeping α = α. The fitting parameters so obtained are listed in Tables 3, 4 , 5 and 6, separately for volume-limited and flux-limited samples, and for large and small scales. Fig. 6.-The relative bias parameters obtained from the correlation functions over 0.98 h −1 Mpc to 9.8 h −1 Mpc using seven different approaches (see the main text for details). The errorbars are based on the scatter of the data points in the range 0.98 h −1 Mpc < rp ≤ 9.8 h −1 Mpc. Panels from top to bottom correspond to the bias parameters for Fi (i = 1, 2, 3, 5, 6), normalized by that of F4. The horizontal axis labels the different approaches that are used to determine the bias parameter for each subsample. One data point is missing in the first and fifth panels, because the redshift overlap between F1 and F6 is too small to measure the cross-correlation function reliably. different, largely because the presence of the supercluster at z ∼ 0.08 that makes the correlation properties quite sensitive to how the sample is exactly formed. There is a clear trend in the correlation length r 0 that brighter galaxies have larger r 0 . The cross-correlations between bright and faint galaxies are also stronger than the auto correlations of faint galaxies. On the other hand the slope of the correlation function does not show any strong trend with luminosity, and the mean value of and scatter in α are 1.82 ± 0.04 for the volume-limited samples and 1.79 ± 0.05 for the flux-limited samples. The correlation lengths obtained by fixing α at these mean values are also listed in Tables 3, 4, 5 and 6 for comparison.
In order to investigate how the clustering strengths change on small scales, we fit the projected 2PCFs with power laws in the range 0.16 h −1 Mpc ≤ r p ≤ 0.98 h −1 Mpc, and the results are shown in Fig. 4 and listed in Tables 4 and 6 . A comparison to the results shown in Fig. 3 shows that the clustering strengths for the samples that involve the brightest galaxies are enhanced on small scales; in particular the cross correlation between the brightest and faintest galaxies is much stronger on small scales. For faint galaxies, the clustering strengths on small scales are similar to those based on the power laws obtained on large scales. This suggests that there is a significant population of faint galaxies that are distributed around the brightest galaxies and the number drops rapidly with the increase of the distance to the brightest galaxies. As we will see below, it is likely that this population is dominated by faint red galaxies in clusters and groups.
Having investigated the clustering strengths for galaxies of different luminosities, we now study the bias factor in the distribution of galaxies as a function of galaxy luminosity. Since we do not know the two-point correlation function of the cosmic density field, we can only study the bias factor in a relative sense. To do this, we choose F4 as our fiducial sample, because it has a good overlap in volume with both the faint and bright samples. Since each sample is used in a number of projected 2PCFs, we can estimate the relative bias for each sample in a number of ways. With F4 as the reference sample, the bias factor for the ith sample can be estimated from one of the following definitions:
where i = 1, 2, 3, 5, 6. Thus, each relative bias can be estimated using seven different approaches. In what follows, these seven approaches will be referred as approaches I, II, · · ·, VI, corresponding to j = 1, 2, · · ·, 6, respectively, and approach VII, corresponding to the definition in the second line of equation (7). Note that in general the relative bias factors, b i /b 4 , obtained from different approaches are not expected to be the same. As we will discuss in Section 6, these relative bias factors are expected to be the same only under the assumption that the bias for galaxies of different luminosities is linear and that the stochastic component in the bias relations between different galaxies is small. The first 5 panels in Fig. 5 show the relative bias factor as a function of r p for the five samples, Fi (i = 1, 2, 3, 5, 6), and the 7 different lines within each panel show the results obtained using the 7 different approaches described above. For most cases, the bias function is almost independent of r p at r p > 1 h −1 Mpc, indicating that nonlinearity in the relative bias is small on these scales. The bias factors obtained using the 7 different approaches agree quite well with each other. Their averages are shown in the lower-right panel which clearly shows that brighter galaxies have higher relative biases.
To quantify the relative bias as a function of luminosity, we estimate a mean relative bias factor for each case by averaging the bias function over 1h −1 Mpc-10h −1 Mpc. The results are shown in Fig. 6 for different luminosity samples using the 7 approaches. Note that there is one data point missing in the first and fifth panels, because the overlap between samples F1 and F6 is too small to have a reliable measurement of W 1,6 . The dashed line in each panel is the average value of the relative bias obtained from the seven different approaches. As one can see, the relative bias factors obtained with different approaches are consistent with each other. We estimate the mean luminosity of galaxies in each sample F1-F6 as L i , and the corresponding average absolute magnitudes thus obtained are −21.87, −21.24, −20.76, −20.27, −19.61, and −18.62, respectively. These magnitudes are then converted into luminosities to represent the characteristic luminosities of the samples in question. The left panel of Fig. 7 shows the average relative bias factor versus L i /L 4 as open circles, with error-bars representing the scatter among the seven different approaches. There is a clear trend that the relative bias increases with galaxy luminosity. The solid curve is a linear fit to the data:
The luminosity dependence of galaxy bias in the SDSS has been investigated by Zehavi et al. (2005) using the amplitudes of the auto correlation functions at a fixed projected radius r p = 2.7 h 
and slopes (α) of all (circles), red (squares) and blue (triangles) galaxies using flux-limited samples (F1 -F6 for all galaxies; F1 red -F6 red for red galaxies, and F1 blue -F6 blue for blue galaxies). Here the results are based on correlation functions on large scales, 0.98 h −1 Mpc ≤ rp ≤ 9.6 h −1 Mpc. To avoid confusion, data points for rad and blue galaxies are shifted slightly horizontally.
obtained by Zehavi et al. as triangles together with our results (open circles) that are obtained from the autocorrelation amplitudes at a fixed, but a slightly different, projected radius r p = 2.8 h −1 Mpc. Note that our results are in excellent agreement with the results obtained by Zehavi et al. (2005) . For the relative bias -luminosity relation shown in the left panel of Fig. 7 , we can convert it into a relation with L/L * . The characteristic luminosity for sample F* is −20.47, very close to L * . Using the projected 2PCF for F*, W ⋆,⋆ , we can write
where W 4,4 and W * , * are the projected auto 2PCFs of samples F4 and F*, respectively. The resulting 5. DEPENDENCE ON GALAXY COLOR In order to study how galaxy clustering depends on both galaxy luminosity and color, we have subdivided each flux-limited sample, Fi, into a red and a blue subsample according to the criteria described in equation (2). We remind that these subsamples are referred to as Fi red and Fi blue . We have carried out the same analyses as described in Section 4 for these color samples. Figs. 8 shows the correlation lengths r 0 and slopes α obtained by fitting the correlation functions in the range 0.98 h −1 Mpc ≤ r p ≤ 9.6 h −1 Mpc; the corresponding results for small scales, 0.16 h −1 Mpc ≤ r p ≤ 0.98 h −1 Mpc, are shown in Figs. 9. In both figures, we also include the results for the total samples (i.e. without color separa- tion) for comparison. Again, the error-bars are obtained from the scatter among the three regions in the SDSS observations. To make the results accessible to others, we list all the values of r 0 and α in Tables 7 (red galaxies; large scales), 8 (red galaxies; small scales), 9 (blue galaxies; large scales), and 10 (blue galaxies; small scales). In all these tables, we also include the best fit values for r 0 by fixing α = α.
As one can see clearly from the left panels in Fig. 8 , on large scales red galaxies in all cases have larger r 0 than all galaxies and blue galaxies in the same luminosity bin. Note also that the luminosity dependence of r 0 is seen in all, red and blue samples, although the dependence is stronger for blue galaxies, as to be quantified in the following. Overall, the correlation slope, α (shown in the right panel of Fig. 8 ), is larger for red galaxies, and the dependence is stronger for the cases where at least one of the two samples in cross-correlation is faint.
As shown in Fig. 9 , the correlation lengths r 0 obtained from the projected 2PCFs on small scales have properties similar to those on large scales, in that red galaxies have a larger correlation length. But the trend is quite different in detail. Firstly, the difference between the correlation lengths obtained from the cross correlations of the brightest red sample (F1 red ) with other red samples are significantly larger here than that shown in Fig. 8 . Since the brightest red galaxies are located predominately in clusters and rich groups, this suggests that many of the the faint red galaxies are also in clusters and groups. Secondly, for F3 red through F5 red , their cross-correlation with the faintest red galaxies has an amplitude that is significantly larger than their cross-correlation with brighter (except the brightest) red galaxies. This indicates that many red galaxies of intermediate luminosities may possess halos of red satellite galaxies that are more than 1 magnitudes fainter. Finally, on small scales, the luminosity-dependence r 0 for blue galaxies appears to be weaker.
It is also interesting to look at the cross correlation between red and blue galaxies. In Figs. 10 and 11 , we com- pare the values of r 0 and α for such cross correlations on large and small scales with those for all galaxies. These values are also listed in Tables 11 and 12. As one can see, on large scales (0.98 h −1 Mpc ≤ r p ≤ 9.6 h −1 Mpc) (Fig. 10) , the values of r 0 and α for the red/blue crosscorrelation functions are quite similar to those for all galaxies. However, there is a marked difference on small scales (0.16h −1 Mpc ≤ r p ≤ 0.98h −1 Mpc) (Fig. 11 ). Here the cross correlation amplitudes between the brightest red galaxies (F1 red ) and blue galaxies are significantly lower than those for all galaxies. Since many of the brightest red galaxies are the brightest central galaxies in clusters and groups, this result suggests the satellite galaxies of these galaxies are preferentially red, in qualitative agreement with the findings by Weinmann et al. (2006) .
In order to quantify how galaxies of different colors and luminosities are biased with respect to each other on large scales, we measure the relative bias factors for red and blue galaxies based on the ratios of the corresponding projected 2PCFs, as we did in Section 4 for the luminosity samples. Note that, in addition to the red-red and blue-blue cross-correlation functions among the 6 luminosity bins, one can also use the red-blue crosscorrelation functions to obtain the relative bias. These are
for red galaxies, and
for blue galaxies, where i = 1, 2, 3, 5, 6 and j = 1, 2, 3, 4, 5, 6, and Bi and Ri denotes Fi blue and Fi red , respectively. In what follows, these six approaches will be referred as approaches VIII, IX, · · ·, XIII, corresponding to j = 1, 2, ···, 6, respectively. Together with the previous seven approaches, we have now in total 13 approaches to measure the relative bias b i /b 4 for each red or blue subsamples. Figs. 12 and 13 show the large-scale relative bias factors obtained with the 13 approaches for red and blue galaxies, respectively. Some points are missing again because the overlaps of the samples in question are too small. The dashed line in each panel is the average value of the relative bias. As one can see, most of the approaches give extremely consistent results. The biggest outlier is the one that corresponds to the cross correlation F2 red -F6 blue (approach XIII in the second row of Fig 12) , which deviates from the mean bias ratio by just over 2σ.
In the left panels of Fig. 14 (upper panel for red galaxies and lower panel for blue galaxies), we show the average relative bias (b i /b 4 obtained from the 13 approaches) versus luminosity L i /L 4 , where L i for each sample is estimated in the same way as described in Section 4. Fitting to the data with a linear model gives b i /b 4 = 0.953 + 0.057L i /L 4 for red galaxies, and b i /b 4 = 0.860 + 0.132L i /L 4 for blue galaxies. As one can see, the luminosity-dependence is much stronger for blue galaxies than for red galaxies. For red galaxies, significant luminosity-dependence is seen only at the brightest end, and there is indication that the bias factor becomes larger for the faintest sample.
In order to put the bias factors for different galaxies in the same absolute scale, we normalize all bias factors relative to that for all the galaxies (blue and red) in the F* sample, i.e. we define
for red galaxies, and right panels of Fig. 14 (upper panel for red galaxies and lower panel for blue galaxies). Normalized in this way, the bias factors for red galaxies are all larger than 1, while those for blue galaxies smaller than 1, for the luminosity range probed here. Fitting the luminosity dependence with a linear model, we get b i /b * = 1.352 + 0.096L i /L * for red galaxies, and b i /b * = 0.560 + 0.101L i /L * for blue galaxies. Note that the constant component in the relation is much larger for red galaxies than for blue galaxies, although the linear terms are now similar. These results are in good agreement with those obtained in Zehavi et al. (2005) based on auto-correlation functions.
NON-LINEAR AND STOCHASTIC BIAS
In the last two sections we have analyzed the autoand cross-correlation functions for galaxies of different luminosities and colors. We have seen that on scales r p 1 h −1 Mpc all correlation functions are roughly parallel, but on smaller scales different galaxies may have different behaviors (see Fig. 5 ). In order to investigate the scale-dependence of the correlation functions in more detail, we plot in Fig. 15 the ratios between the various projected correlation functions, W (r p ), and a normalization function, W 0 (r p ), which is the power-law fit to the projected correlation function of the sample F * on large scales and corresponds to r 0 = 5.49 h −1 Mpc and 5.20 ± 0.75 5.01 ± 0.24 4.57 ± 0.19 4.58 ± 0.28 4.90 ± 0.24 α = 1.76. Three top panels show results for red galaxies; six middle panels show results between red and blue galaxies; and three bottom panels show results for blue galaxies. Based on the figure, we can draw the following conclusions:
• On scales larger than 1 h −1 Mpc, all the correlation functions are roughly parallel, a fact we have mentioned earlier.
• The cross-correlation functions between the brightest red galaxies and other red galaxies have enhanced clustering on scales smaller than ∼ 1 h −1 Mpc, and the enhancement is the strongest for the cross-correlation between the brightest and faintest samples.
• The cross-correlation functions among faint blue galaxies, and between faint-blue and faint-red galaxies, appear to be suppressed slightly on scales 1 h −1 Mpc relative to the extrapolations from larger scales.
• The brightest blue galaxies show enhanced correlation with red galaxies of different luminosities on scales 1 h −1 Mpc.
Some of these results are expected, as it is well known that red galaxies reside preferentially in rich systems, such as clusters and groups, while faint blue galaxies are distributed in the 'field' (i.e., in dark matter haloes of significantly lower mass). Note, however, that the cross-correlation functions between the brightest red -The relative bias parameters for red galaxies obtained from the correlation functions over 0.98 h −1 Mpc to 9.8 h −1 Mpc using 13 different approaches (see the main text for details). The error-bars are based on the scatter of the data points in the range 0.98 h −1 Mpc < rp ≤ 9.8 h −1 Mpc. Panels from top to bottom correspond to the bias parameters for Fi red (i = 1, 2, 3, 5, 6), normalized by that of F4 red . The horizontal axis labels the different approaches that are used to determine the bias parameter for each subsamples. Some data points are missing, because the redshift overlap between F1 and F6 is too small to measure their crosscorrelation function reliably. galaxies and faint red galaxies are lower than the autocorrelation function of the brightest galaxies on scales r p 1 h −1 Mpc, suggesting that not all faint red galaxies are associated with the brightest red galaxies. There is no enhancement in the cross-correlation functions on small scales between red galaxies and all except the brightest blue galaxies. This again can be explained by the fact that blue galaxies with low and intermediate luminosities are distributed in the field.
One surprising result is that the brightest blue galaxies are strongly correlated with red galaxies on small scales, and in many ways the clustering properties of these galaxies are similar to that of red galaxies with intermediate luminosities. In order to understand this result in more detail, we have examined the properties of this population of galaxies more closely. Using the group catalogue constructed by Yang et al. (2007, in preparation) , we find that ∼ 15% (∼ 80%) of the brightest blue galaxies are the central galaxies of groups with masses 10 13.5 h −1 M ⊙ ( 10 13 h −1 M ⊙ ), compared to ∼ 30% (∼ 85%) for the red galaxies in the same luminosity bin. It is therefore possible that a fraction of the brightest blue galaxies are in fact 'early-type' galaxies and their relatively blue colors are probably due to rejuvenation of star formation or AGN activities in their centers. Clearly, further analysis is required in order to understand the properties of this population of galaxies in more detail.
Next we discuss how our results may put constraints on the stochasticity/non-linearity in the bias relation. Consider the density field (smoothed on some scale) traced by a population i of galaxies, δ i . In general we may write it in terms of the density field of another population, δ j , as
where the first term on the right-hand side describes the linear part of the correlation between the two populations, the second term is the non-linear part, and ǫ ij is the stochastic, uncorrelated part: ǫ ij δ j = 0. It then follows that
and δ
) Thus, for any two populations we can define two relative bias factors, one based on the cross correlation with another population, and one based on the auto-correlation functions of the two populations: The average relative bias parameter, obtained using the correlation data in 0.98 h −1 Mpc < rp ≤ 9.8 h −1 Mpc as a function of galaxy luminosity, for red (upper panel) and blue (lower panel) galaxies. The results are obtained using the flux-limited samples, and both the bias parameters and the luminosities are normalized by the values of F4 red and F4 blue , respectively. For a given luminosity, the mean and error-bar are based on the different measurements shown in Figs. 12 and 13. The solid curves show fits to the data. Right panels: The same as the left panels, except that here the bias parameters and the luminosities are normalized by the values for L * galaxies.
The square of the ratio between these two bias factors is
where
describes the contribution due to the non-linear part of the relative bias relation. Note that R is related to the linear correlation coefficient, r, defined in Dekel & Lahav (1999; their eq.
[13]) as R = r −2 . For two populations, i and j that are entirely uncorrelated one has that R ij → ∞, while R ij = 1 when i and j are perfectly correlated. Both the stochastic component, ǫ 2 ij , and the non-linear component, ζ ij , can cause R ij to deviate from unity, and in general it is difficult to separate stochasticity from non-linearity. On large scales, however, the non-linear component in the bias relation may be neglected, and we have that
To examine the importance of stochasticity/nonlinearity in the relative bias relations, we calculate R ij for galaxies of different luminosities and colors. Based on equation (18), we estimate R ij using Fig. 15. -The ratios between the projected correlation function W (rp) and W 0 (rp) for cases with various combinations of color and luminosity, where W 0 (rp) is the power-law fit to the projected correlation function of sample F * on large scales (r 0 = 5.49 h −1 Mpc, α = 1.76). Three top panels show the results for red galaxies, six middle panels show the results between red and blue galaxies, and three bottom panels show the results for blue galaxies. where W ii and W jj are the auto-correlation functions of subsamples 'i' and 'j', respectively, and W ij is the crosscorrelation function between the two subsamples. Note that 'i' and 'j' denote not only luminosity samples but also color samples. Unlike what we did above, here we estimate W ii , W jj and W ij all in the overlapping region of the two samples in question, so that volume effects are minimized.
In Fig 16 we show R ij as a function of r p for various combinations of color-and luminosity-samples. The results are quite noisy in some cases, again because of the small overlap of the samples involved. As one can see, for cases where R ij is well determined, it is close to 1 for allall and red-red pairs of samples. For blue-blue pairs, R ij is also close to 1 except the cases involving the brightest galaxies where at large scales R ij can be significantly larger than 1. As we have discussed above, the brightest blue galaxies have clustering properties different from that of fainter blue galaxies, because a significant fraction of them are, like bright red galaxies, central galaxies of relatively massive groups. For red versus blue galaxies, R ij is significantly larger than 1 on small scales. The signal is also more prominent between faint red and faint blue galaxies and can extend to a few h −1 Mpc. To show this more clearly, we plot the average value of R ij over two different scales. The results are shown in Figs. 17 -18 and listed in Tables 13 -14 for all As one can see, on large scales ( 1 h −1 Mpc) R ij is very close to 1 for red-red, blue-blue (with the exception of cases involving the brightest blue galaxies), and all-all pairs, but has a value between 1.4 to 2.2 for pairs between faint red and blue galaxies. On scales 1h −1 Mpc, the ratio is again very close to 1 for all-all, red-red and blue-blue pairs, but is significantly larger than 1 for red versus blue galaxies and is as large as ∼ 3 for faint-red versus faint-blue galaxies.
These results suggest that red (or blue) galaxies of different luminosities trace each other almost linearly and in an almost deterministic way on both small and large scales, but there is a significant stochastic/nonlinear component in the relationship between red and blue galaxies of different luminosities, and in particular on small scales. The large value of R ij on small scales between red and blue galaxies (except the brightest blue galaxies) is almost certainly due to the fact that blue galaxies of low and intermediate luminosities avoid dense groups and clusters while red galaxies reside preferentially in such places. The fact that such stochastic/nonlinear component extends to a few h −1 Mpc (see Fig. 16 ) suggests that the clustering of clusters and groups on large scales may produce segregation of the galaxy population on large scales.
7. SUMMARY In this paper, we use galaxy samples constructed from the SDSS Data Release 4 (DR4) to study the crosscorrelation functions between galaxies with different luminosities and colors. Galaxies are separated at g − r = −0.7 − 0.032(M r,0.1 + 16.5) into red and blue samples according their colors, and each of the color samples is further divided into 6 subsamples according to luminosity. We measure the projected two-point correlation function for each subsample, and the projected crosscorrelation for each pair of subsamples. Each correlation function is fitted with power laws over two different ranges of separations: 0.98 h −1 Mpc ≤ r p ≤ 9.6 h −1 Mpc and 0.16 h −1 Mpc ≤ r p ≤ 0.98 h −1 Mpc, and each of the (18) for all (left panels) and red (right panels) galaxies. In all panels, circles show results based on data on large scales, 0.98 h −1 Mpc ≤ rp ≤ 9.6 h −1 Mpc, while crosses show results based data on small scales, 0.16 h −1 Mpc ≤ rp ≤ 0.98 h −1 Mpc. From top to bottom are results for i = 1, 2, 3, 4, 5, 6, respectively. The value of j for each case is labeled on the horizontal axis. The dashed line in each panel shows R ij = 1. The error-bars are estimated using the scatter of the data points on large scales 0.98 h −1 Mpc ≤ rp ≤ 9.6 h −1 Mpc and small scales 0.16 h −1 Mpc ≤ rp ≤ 0.98 h −1 Mpc, respectively. power laws are characterized by a correlation length, r 0 , and a logarithmic slope, α. Our main results can be summarized as follows:
1. At projected separations r p 1 h −1 Mpc, all correlation functions are roughly parallel to each other, but on smaller scales different populations of galaxies have different behaviors.
2. The auto-and cross-correlation functions of red galaxies on r p 1 h −1 Mpc are significantly enhanced relative to those on larger scales. The effect is the strongest between the brightest red galaxies and other red galaxies. Such enhancement is absent for blue galaxies and in the cross-correlation between red and blue galaxies.
3. For blue galaxies the luminosity-dependence of the correlation amplitude on large scales is strong over the entire luminosity range, while for red galaxies the dependence is weaker and becomes insignificant for luminosities below L * . There is an indication that the luminosity-dependence may inverse at the faint end.
4. For a given luminosity, red galaxies are more strongly clustered than blue galaxies on both large and small scales, and the difference is larger for fainter luminosities.
5. One large scale, the bias factors of a given population of galaxies obtained from its cross correlations with other populations of galaxies are similar, and comparable to that based on the auto-correlation function.
6. On both large and small scales, the ratio R ij is very close to 1 for red (or blue except the brightest) galaxies of different luminosities, suggesting that the bias relations between red (or blue) galaxies of different luminosities are close to linear and deterministic.
7. On scales 1 h −1 Mpc, R ij is significantly larger than 1 between red and blue galaxies and as large as ∼ 2 between faint red and faint blue galaxies, suggesting that a significant stochastic/non-linear component exists in the bias relations between blue and red galaxies on small scales.
8. The clustering properties of the brightest blue galaxies resemble more that o1f red galaxies of intermediate luminosities than that of fainter blue galaxies, indicating that a significant fraction of them are located in relative rich systems.
The results obtained in this paper provide important information about the relationships between the spatial distributions of galaxies of different properties in space. To explore the implications of our findings for galaxy formation in the cosmic density field, the results obtained here should be combined with semi-analytical and/or halo occupation models to constrain how galaxies populate dark matter halos, and how galaxies are distributed in individual dark matter halos. We will come back to this in the future.
During the final stages of this project a paper appeared by Swanson et al. (2007) , who carried out a similar investigation to study the relative biases for galaxies of different luminosities and colors. Although their analysis is based on counts-in-cells, as opposed to the correlation functions used here, their results are qualitatively similar to ours. A detailed comparison, however, is complicated because of the differences in the statistical methods and sample selections.
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